Amyloid-␤ (A␤) peptide-induced neurotoxicity is typically associated with cell death through mechanisms not entirely understood. Here, we investigated stress signaling events triggered by soluble A␤ in differentiated rat neuronal-like PC12 cells. Morphologic evaluation of apoptosis confirmed that A␤ induced nuclear fragmentation that was prevented by pre-treatment with the antiapoptotic bile acid tauroursodeoxycholic acid (TUDCA). In addition, A␤ exposure triggered an early signaling response by the endoplasmic reticulum (ER) and caspase-12-mediated apoptosis, which, however, was independent of the ERstress pathway. Furthermore, ER stress markers, including GRP94, ATF-6␣, CHOP, and eIF2␣, were strongly downregulated by A␤, independent of protein degradation, and partially restored by TUDCA. Calpain inhibition prevented caspase-12 activation and reduced levels of ATF-6␣. Importantly, A␤-induced GRP94 downregulation was related to protein secretion and partially rescued through inhibition of the secretory pathway by geldanamycin and brefeldin. In conclusion, we showed that the ER is a proximal stress sensor for soluble A␤-induced toxicity, resulting in caspase-12 activation and cell death in PC12 neuronal cells. Moreover, ER chaperone GRP94 secretion was associated with A␤-induced apoptotic signaling. These data provide new information linking apoptotic properties of A␤ peptide to distinct subcellular mechanisms of toxicity. Further characterization of this signaling pathway is likely to provide new perspectives for modulation of amyloid-induced apoptosis.
INTRODUCTION
Alzheimer's disease (AD) is associated with the accumulation of pathogenic amyloid-␤ (A␤) assemblies in brain resulting in progressive dismantling of synapses and loss of neurons in selected areas. It is recognized that increased production, oligomerization, for secretion, cell surface or intracellular organelles, and as a reservoir of Ca 2+ . The ER is highly sensitive to alterations in Ca 2+ homeostasis and perturbations in its environment that result in ER stress. The ER responds by triggering specific signaling pathways including the unfolded protein response (UPR), the ER-overload response (EOR), and the ER-associated degradation (ERAD). These pathways are collectively known as the ER stress response, which is also associated with increased expression of genes that expand the folding capacity of the ER, preventing new protein synthesis, and accelerating degradation of misfolded proteins. The UPR is characterized by the coordinated activation of multiple proteins that can be divided into three groups, consisting of ER stress-induced cell death sensors, modulators, and effectors. The ER membrane residing proteins inositol-requiring enzyme 1 (IRE1), activating transcription factor 6 (ATF-6), and double-stranded RNA-activated protein kinase like ER kinase (PERK) serve as proximal ER stress sensors, which are maintained in an inactive state by binding to the chaperone 78-kDa glucose-regulated protein, also known as immunoglobulin heavy chain binding protein or Bip (GRP78/Bip). GRP78/Bip is a distal sensor and functions as a master regulator of the UPR. During ER stress, the release of GRP78/Bip results in inhibition of translation (PERK), and upregulation of molecular chaperones (ATF-6) and ERAD activity (IRE1) [3, 4] . ER stress-induced cell death modulators include members of the Bcl-2 family (Bcl-2, Bcl-x L , Bak and Bik) [5, 6] and CHOP [7] , among others.
Finally, several molecules that are either present on the ER surface or in the soluble compartment have been implicated as effectors that cause death in response to prolonged ER stress. Caspase-12 is an initiator caspase which is specifically involved in apoptosis [8] ; and its activation may occur through ER stress-induced calpain or caspase-7 cleavage of procaspase-12 [8, 9] . ER stress-activated IRE1 may also aggregate procaspase-12 at the ER membrane surface through the cytosolic adaptor tumor necrosis factor associated receptor factor 2 (TRAF2) proteins, resulting in cleavage and activation of caspase-12 [10] . Most notably, caspase-12, together with caspase-9, serves as a mediator of an intrinsic apoptosis pathway that is independent of mitochondria [11] .
The ER is a repository of antiapoptotic GRP94, a member of the heat shock protein 90 (hsp90) family [12] [13] [14] [15] . GRP94 is a hydrophobic, ATP-, peptide- [14, 16] , and calcium-binding protein that contains several helix-loop-helix structural domains [17] . Its antiapop-totic properties [18] [19] [20] are not fully understood. It has also been described to act as a vaccine in prophylactic and therapeutic models of cancer immunotherapy [21, 22] . More recently, GRP94 was shown to be released from cells undergoing necrotic cell death as a consequence of lethal viral infection, suggesting a potential physiological role for chaperone proteins in the regulation of immunological responses to pathological cell death [23, 24] . Inhibitors of hsp90 and GRP94, such as geldanamycin (GA) have been investigated in the treatment of cancer. GA inhibits hsp90 and GRP94 by binding competitively to its N-terminal ATP-binding site, which results in misfolding and degradation of hsp90 substrates through the ubiquitinproteasome pathway. While GA-mediated enhanced degradation of certain hsp90 proteins is now well established (reviewed in [25, 26] ), few studies have reported GA-mediated inhibition of intracellular trafficking [27] .
In this study, we show that A␤-induced toxicity activates caspase-12, which is known to mediate ER-specific apoptosis in PC12 neuronal cells. Unexpectedly, we also demonstrated that ER stress-induced cell death sensors and modulators are strongly downregulated. ATF-6␣ is proteolytically cleaved by calpain I, and GRP94 is secreted to the extracellular medium, in association with A␤-induced toxicity.
MATERIALS AND METHODS

Cells and culture conditions
PC12 cells were grown in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% heat-inactivated horse serum (Sigma-Aldrich), 5% fetal bovine serum (Invitrogen Corp., Carlsband, CA, USA), and 1% penicillin/streptomycin (Invitrogen), and maintained at 37 • C in a humidified atmosphere of 5% CO 2 . Cells were plated and differentiated in the presence of nerve growth factor (NGF) (Promega Corp., Madison, WI), as previously described [28] . Cell density was maintained at 1 × 10 5 cells/cm 2 for morphological assessment of apoptosis and viability assays, or 4 × 10 5 cells/cm 2 for transfection assays and protein extraction.
To induce apoptosis, cells were exposed to 25 M of soluble A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] peptide active fragment (Bachem AG, Bubendorf, Switzerland) for 1, 2, 8, and 24 h. This concentration was found to be ideal in maximizing the cellular response of A␤ with minimum exacerbated toxic effects in neuronal-like PC12 cells (data not shown). Brefeldin and thapsigargin (Sigma-Aldrich) were used at 18 and 3 M, respectively, as positive controls for ER-specific apoptosis. To test the effect of antiapoptotic TUDCA, cells were incubated in medium supplemented with 100 M TUDCA (Sigma-Aldrich), or no addition (control), for 12 h, and then exposed to 25 M of A␤ 25-35 for 1, 2, 8, and 24 h. Cells were fixed for microscopic assessment of apoptosis or processed for cell viability assays. In addition, total proteins were extracted for immunoblotting.
In parallel experiments, cells were pretreated for 30 min before A␤ incubation with SP600125, the c-Jun N-terminal kinase (JNK) inhibitor (Calbiochem, Darmstadt, Germany), at either 10 M for 24 h, or 50 M SP600125 for 3 h. Similarly, cells were pretreated with 10 M calpain inhibitor I (Roche Applied Science, Mannheim, Germany) for 24 h or 50 M calpain inhibitor I for 3 h. Proteasome and caspase inhibition during apoptosis was achieved by pretreating cells with either 10 M MG-132 and z-VAD.fmk (Calbiochem) for 24 h, or 50 M MG-132 and z-VAD.fmk for 3 h. To determine the effect of Ca 2+ deregulation, cells were pretreated with 50 M ZnCl 2 , 100 nM xestospongin C, 20 M nifedipine, 10 M dantrolene, and 0.05 to 5 M cyclosporin A (Sigma-Aldrich) for 3 h. Finally, cells were pretreated with 0.05 to 5 M GA and 9 M brefeldin (Sigma-Aldrich) for 3 h to inhibit protein secretion.
Measurement of cell death
Cell viability was measured by trypan blue exclusion; and apoptotic nuclei were detected by Hoechst labeling after cell fixation with 4% formaldehyde in phosphate buffer saline (PBS), for 10 min at room temperature. Following incubation with Hoechst dye 33258 (Sigma-Aldrich) at 5 g/mL in PBS for 5 min, and PBS washes, slides were mounted with PBS:glycerol (3:1, v/v) and fluorescence visualized with an Axioskop fluorescence microscope (Carl Zeiss GmbH, Hamburg, Germany). Fluorescent nuclei were scored and categorized according to the condensation and staining characteristics of chromatin. Normal nuclei showed non-condensed chromatin dispersed over the entire nucleus. Apoptotic nuclei were independently identified by condensed and fragmented chromatin contiguous to the nuclear membrane, as well as nuclear fragmentation and presence of apoptotic bodies. Three random microscopic fields per sample of ∼250 nuclei were counted and mean values expressed as the percentage of apoptotic nuclei.
Immunoblotting
Steady-state levels of caspase-12, ATF-6␣, KDEL, CHOP, and eIF2␣ were determined by Western blot analysis. Briefly, 80 g of total and nuclear proteins were separated by 12% sodium dodecyl-polyacrylamide gel electrophoresis. After electrophoretic transfer onto nitrocellulose membranes, immunoblots were incubated with 15% H 2 O 2 for 15 min at room temperature. Following a block with 5% milk solution, membranes were incubated overnight at 4 • C with primary mouse monoclonal antibody reactive to KDEL (10C3) (Abcam, Cambridge Science Park, Cambridge, UK), primary rabbit polyclonal antibodies reactive to ATF-6␣ (H-280), GADD153 (R-20) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and Anti-eIF2␣ [pS 52 ] (Invitrogen). Finally, secondary goat anti-mouse or anti-rabbit IgG antibody conjugated with horseradish peroxidase (Bio-Rad Laboratories, Hercules, CA, USA) was added for 3 h at room temperature. The membranes were processed for protein detection using the SuperSignal substrate (Pierce Biotechnology, Rockford, IL, USA). ␤-Actin (AC-15) (Sigma-Aldrich) was used as loading control for total proteins. Protein concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad) according to the manufacturer's specifications.
RNA isolation and RT-PCR
Transcript expression of GRP94 was determined by RT-PCR. Total RNA was extracted from rat PC12 cells using the TRIZOL reagent (Invitrogen). For RT-PCR, 5 g of total RNA was reverse transcribed using oligo(dT) (Integrated DNA Technologies Inc., Coralville, IA) and SuperScript II reverse transcriptase (Invitrogen). Specific oligonucleotide primer pairs were incubated with cDNA template for PCR amplification using the Expand High Fidelity PLUS PCR System (Roche Applied Science, Mannheim, Germany). The following sequences were used as primers: GRP94 sense 5 -TACTATGCCAGTCAGAAGAAA ACG-3 ; GRP94 antisense 5 -CATCCTTTCTATCC TGTCTCCATA-3 ; ␤-actin sense 5 -CGTCTTCCCC TCCATCGTG-3 ; and ␤-actin antisense 5 -CCAG TTGGTTACAATGCCGTG-3 . The product of the ␤-actin RNA was used as control.
Heat shock protein GRP94 ELISA assay
The rat hsp90 glycoprotein 96 (hsp90 gp96) ELISA Kit (Cusabio Biotech Co., Newark, USA) was used to measure GRP94 levels, according to the manufacturer's protocol. Supernatant samples were applied to plates containing biotinylated antibody for GRP94 (1:100). After 1 h incubation at 37 • C, plates were washed and incubated with HRP-avidin (1:100) for an additional 1 h, after which the chemiluminescence substrate solution was added and incubated for 10-30 min. The reaction was stopped and the optical density was measured after 30 min using a microplate reader set to 450 nm.
Statistical analysis
The relative intensities of protein bands were analyzed using the Quantity One Version 4.6 densitometric analysis program (Bio-Rad) and normalized to the respective loading controls. Statistical analysis was performed using GraphPad InStat Version 3.00 (GraphPad Software, San Diego, CA) for the analysis of variance and Bonferroni's multiple comparison tests. Values of p < 0.05 were considered significant.
RESULTS
Aβ-induced apoptosis is mediated by caspase-12 activation and modulated by TUDCA in PC12 neuronal-like cells
Soluble A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] fragment induces apoptosis in PC12 neuronal-like cells, which is abrogated by TUDCA pre-treatment [29, 30] . ER is a potential intracellular target of A␤ protein [31] , and TUDCA exerts protection from apoptosis, in part, by preventing caspase-12 activation [32] . In this study, neuronal PC12 cells pre-exposed to NGF for 8 days were treated with either A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , or ER-specific apoptotic stimuli brefeldin and thapsigargin, with or without TUDCA, and assessed for cell death. We confirmed that A␤ 25-35 -induced apoptosis after 24 h was reduced to almost control levels in cells pre-treated with TUDCA (p < 0.05) (Fig. 1A) . The reverse sequence A␤ 35−25 did not induce significant apoptosis (data not shown). General cell death as assessed by trypan blue dye exclusion was in accordance with the morphological data (Fig. 1B) . TUDCA was also effective at modulating brefeldin-and thapsigargin-induced apoptosis ( Fig. 1A) . Similar results were obtained in PC12 neuronal-like cells exposed to 10 M soluble A␤ 1-40 or 20 M fibrillar A␤ 1-42 and pre-treated with TUDCA. Further, in primary rat cortical neurons, exposure to either 25 M soluble A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , 10 M soluble A␤ 1-40 , or 20 M fibrillar A␤ 1-42 for 24 h resulted in 30-50% apoptotic cells, and this was significantly reduced with TUDCA by at ∼50% (Supplementary data; available online: http://www.j-alz.com/issues/27/vol27-1.html#supplementarydata03).
After A␤ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] exposure in PC12 neuronal-like cells, caspase-12 processing peaked at 24 h, and pretreatment with TUDCA markedly reduced A␤-induced effects by ∼70% (p < 0.05) (Fig. 2) . The activation of caspase-12 by calpains in apoptosis has been previously documented [9] . Moreover, the JNK pathway is activated in response to ER stress by IRE1 [33, 34] , which may activate caspase-12 through TRAF2, the same cytosolic adaptor of JNK at the ER membrane surface [10] . To test if calpains or JNK plays a role in mediating neuronal cell death induced by A␤, we incubated PC12 cells in the presence or absence of calpain inhibitor I or SP600125 JNK inhibitor for 24 h. After 24 h of incubation with A␤, calpain inhibition, but not JNK inhibition, prevented caspase-12 fragmentation by almost 50% (p < 0.05), suggesting that calpains are involved in A␤-induced caspase-12 activation.
Aβ-induced, caspase-12-mediated cell death is independent of ER stress
Caspase-12 can be activated under specific ER stress stimuli [31] . In addition, A␤ causes ER stress [35] and proteosomal dysfunction [36] . To determine whether ER stress plays a role in A␤-induced apoptosis mediated by caspase-12 in PC12 neuronal cells, we evaluated several ER stress markers by immunoblotting ( Fig. 3 ). ER stress makers were upregulated or activated after either brefeldin or thapsigargin incubation, but not after A␤ exposure for 24 h. Interestingly, ATF-6␣, eIF2␣, CHOP, and GRP94 were markedly downregulated after A␤ incubation. This effect was partially inhibited by TUDCA ( Fig. 3 ). Thus, ER is strongly involved in A␤-induced apoptosis, although with no evidence of ER stress activation.
ATF-6α and GRP94 downregulation is independent of protein degradation
Cells containing a mutated presenilin-1 (PS1) gene showed significantly inhibited induction of GRP78 mRNA expression when stimulated for ER stress [37] . More importantly, GRP78 and GRP94 are decreased in brains of sporadic AD patients [37] . The reduction of GRP94 protein levels may be explained by selective proteolytic cleavage by calpains activated during etoposide-induced apoptosis [38] . In this study, basal levels of GRP94 and ATF-6α mRNA expression were Fig. 1 . TUDCA inhibits cell death induced by A␤, brefeldin, and thapsigargin in PC12 neuronal cells. Cells were incubated with either 25 M soluble A␤ 25-35 , 9 and 18 M brefeldin, 1.5 and 3 M thapsigargin, or no addition (control), ± 100 M TUDCA for 24 h. In co-incubation experiments, TUDCA was added 12 h prior to incubation with A␤, brefeldin, or thapsigargin. A) Total and trypan blue stained cells were counted and general cell death calculated as the number of death cells per total number of cells. B) Cells were fixed and stained with Hoechst for microscopic assessment of apoptosis, and the percentage of apoptotic cells was determined. Cells exposed to A␤, brefeldin or thapsigargin alone showed more nuclear fragmentation compared with cells pre-treated with TUDCA. The results are expressed as mean ± SEM for at least three different experiments. *p < 0.01 from control; † p < 0.05 from A␤, brefeldin or thapsigargin alone. not altered in PC12 cells when exposed to A␤ for 2 and 24 h (data not shown). We tested if GRP94 and ATF-6␣ cleavage was mediated by proteases, such as caspases and calpains, or by the proteasome, since calpain inhibitors might also interfere with the proteasome activity. Our results showed that general caspase inhibitor z-VAD-fmk and JNK inhibitor SP600125 did not prevent cleavage of GRP94 and ATF-6␣, after 24 h of A␤ incubation (Fig. 4A ). Nevertheless, both calpain and proteasome inhibition were partially protective (Fig. 4A ). Proteasome activity after A␤ incubation was assessed through a fluorescence assay by monitoring the release of free 7-amino-4-methylcoumarin from the fluorogenic peptide chymotrypsin substrate III Suc-Leu-Leu-Val-Tyr-methylcoumarin. The proteasomal inhibitor, MG-132 was used as a positive control. We found that chymotrypsin-like activity, the predominant proteosome activity, remained unchanged after A␤ incubation (data not shown). In addition, autophagy was not activated by A␤ under the conditions tested as demonstrated by the absence of processed LC3, a specific marker for autophagosomes (data not shown). Thus, typical mechanisms for protein degradation, such as the proteasome and autophagy do not appear to be triggered by A␤ incubation in PC12 neuronal-like cells.
Since caspase-12 activation coincided with the early reduction of GRP94 at 2 h of A␤ incubation, we tested if GRP94 and ATF-6␣ cleavage was selectively mediated by calpains or the proteasome, and not a consequence of general protein degradation. Cells were pretreated with 50 M of each inhibitor for 30 min [38] , followed by 2 h of A␤ incubation. In contrast to MG-132, pretreatment with calpain inhibitor I prevented ATF-6␣ cleavage (Fig. 4B ). However, GRP94 downregulation was not blocked by any of the inhibitors. These results suggested that ATF-6␣ is selectively cleaved by calpains during A␤-induced apoptosis, whereas GRP94 is not cleaved by proteases during apoptosis.
GRP94 downregulation is independent of Ca 2+ deregulation
GRP94 has been linked directly to cellular Ca 2+ homeostasis [39] . GRP94 binds Ca 2+ and is one of Fig. 3 . A␤-induced apoptosis in PC12 neuronal cells is independent of ER stress. Cells were incubated with 25 M A␤, or no addition (control), ± 100 M TUDCA for 2 h. Positive controls for ER stress were brefeldin 18 M and thapsigargin 3 M for 2 h. In coincubation experiments, TUDCA was added 12 h prior to incubation with A␤, brefeldin, or thapsigargin. Total proteins were extracted for western blot analysis as described in Materials and Methods. Representative immunoblots of ER stress markers ATF-6␣, eIF2␣, CHOP, GRP94, and GRP78/Bip (top); and ATF-6␣ (middle) and GRP94 (bottom) levels. The results are normalized to endogenous ␤-actin protein levels and expressed as mean ± SEM arbitrary units for at least three different experiments. *p < 0.01 from control; † p < 0.05 from A␤ or thapsigargin alone. approximately six luminal proteins that serve as the major buffers of the ER [40] [41] [42] . A key mechanism by which A␤ is believed to alter cellular Ca 2+ homeostasis involves disruption of plasma membrane Ca 2+ permeability. At the extracellular level, A␤ exerts actions on endogenous plasmalemmal ion channels, such as L-type channels [43] and pore formation [44] . Furthermore, A␤ oligomers induce massive calcium entry into mitochondria, which opens the mitochondrial permeability transition pore (mPTP) [45] , and A␤ targets the mPTP resulting in damage amplification [46] . We used Ca 2+ blockers to determine whether GRP94 reduction was due to unregulated flux of extra- Fig. 4 . A␤-induced downregulation of ATF-6␣ and GRP94 in PC12 neuronal cells is independent of degradation mechanisms. Cells were incubated with 25 M A␤, or no addition (control), ± 10 M of SP600125, calpain inhibitor I, MG132, and z-VAD.fmk for 24 h. For shorter incubations with A␤, 50 M of each inhibitor was used for 2 h. In co-incubation experiments, the inhibitors were added 30 min prior to incubation with A␤. Total proteins were extracted for western blot analysis as described in Materials and Methods. A) Representative immunoblot of ATF-6␣ and GRP94 in cells exposed to A␤, ± 10 M of SP600125, calpain inhibitor I, MG132, and z-VAD.fmk for 24 h (top); and ATF-6␣ (middle) and GRP94 (bottom) levels. B) Representative immunoblot of ATF-6␣ and GRP94 in cells exposed to A␤, ± 50 M of SP600125, calpain inhibitor I, MG132, and z-VAD.fmk for 2 h (top); and ATF-6␣ (middle) and GRP94 (bottom) levels. The results are normalized to endogenous ␤-actin protein levels and expressed as mean ± SEM arbitrary units for at least three different experiments. *p < 0.01 from control; † p < 0.05 from A␤ alone. cellular Ca 2+ induced by A␤ exposure. ZnCl 2 , which blocks pore formation was unable to prevent GRP94 downregulation (Fig. 5A ). Combinations of ZnCl 2 with calpain inhibitor I and TUDCA were also ineffective, as was pretreatment with nifedipine that blocks L-type channels.
Next, we inhibited the release of Ca 2+ from the ER using xestospongin C and dantrolene, which block inositol triphosphate receptors (IP 3 Rs) and ryanodine receptors (RyRs), respectively. Under the established conditions, only xestospongin C was able to partially prevent the reduction of GRP94 (Fig. 5B) . Finally, cyclosporine A, a strong inhibitor of calcium-induced mPTP opening, did not prevent the reduction of GRP94 protein levels (Fig. 5C ). Thus, Ca 2+ deregulation induced by A␤ incubation is not the main molecular mechanism of GRP94 downregulation.
Protein secretion inhibitors block GRP94 downregulation
GA is an antibiotic that specifically inhibits hsp90 and GRP94 [25, 47] . Inhibition of hsp90 mainly leads to targeted degradation of client proteins via the ubiquitin proteasome pathway [48, 49] , while the best understood response to inhibition of GRP94 is the transcriptional upregulation of ER chaperones [50] . In addition, GA also mediates inhibition of intracellular trafficking of hsp90 substrates [27] . To determine the effect of GA on A␤-induced GRP94 downregulation, we preincubated cells with different concentrations of GA for 30 min prior to exposure to A␤ for 2 h. We found that GA pretreatment prevented GRP94 downregulation in a concentration-dependent manner (Fig. 6A) , without significantly altering GRP94 mRNA expression ( Fig. 6B ). In addition, GA effect was not dependent on de novo protein synthesis as determined in experiments using cycloheximide (Fig. 6C ). However, a non-apoptotic concentration of brefeldin that inhibits protein secretion was also able to prevent GRP94 dowregulation (Fig. 6C ). Finally, an ELISA assay for GRP94 in the supernatant of cells challenged with A␤ established that GRP94 levels were increased in the extracellular medium of cells incubated with A␤, independently of a necrotic mechanism (Fig. 6D ). Retention of GRP94 within the cell by GA Fig. 6 . A␤-induced downregulation of GRP94 in PC12 neuronal cells is blocked by protein secretion inhibitors. Cells were incubated with 25 M A␤, or no addition (control), ± 0.05 to 5 M GA for 2 h. In co-incubation experiments, the inhibitors were added 30 min prior to incubation with A␤. Total proteins and total RNA were extracted for western blot and RT-PCR analysis, respectively, as described in Materials and Methods. A) Representative immunoblot of GRP94 in cells exposed to A␤, ± 0.05 to 5 M GA. Thapsigargin 3 M and brefeldin 18 M were used as positive controls. B) Representative RT-PCR of GRP94 in cells exposed to A␤, ± 0.05 to 5 M of GA. C) Representative immunoblot of GRP94 in cells exposed to A␤, ± 9 M brefeldin (top); and GRP94 levels (bottom). Combinations of 0.5 M GA with 100 g/ml cycloheximide for 2 h are also represented. The results are normalized to endogenous ␤-actin protein levels and expressed as mean ± SEM arbitrary units for at least three different experiments. D) Secreted protein levels of GRP94. Supernatant anti-GRP94 of cells pretreated with 0.5 M GA and 9 M brefeldin, and challenged with A␤ for 2 h was quantified using an ELISA assay. The results are expressed as mean ± SEM for at least three different experiments. CHX, cycloheximide; *p < 0.01 and p < 0.05 from control; † p < 0.05 from A␤ alone. and brefeldin was associated with levels of apoptosis of ∼5%, similar to those seen in control cells. Thus, A␤ induces early stimulation of GRP94 secretion, an effect that was mitigated by inhibition of the secretory pathway.
DISCUSSION
The role of A␤ in the pathogenesis and progression of AD-associated neurodegeneration has not been firmly established and even remains controversial. The present study shows that A␤-induced toxicity activates caspase-12 that mediates ER-specific apoptosis in PC12 neuronal cells, which in turn is modulated by antiapoptotic TUDCA. Notably, we demonstrated that ER stress-induced cell death sensors and modulators are downregulated, and propose that ATF-6␣ is proteolytically cleaved by calpains, and GRP94 is secreted to the extracellular milieu during A␤-induced apoptosis.
There is a growing list of mediators that link ER stress to the apoptotic machinery. Caspase-12 was proposed to function as the apical caspase responsible for initiating an apoptotic cascade in response to ER stress and A␤ [31] . In the present study, we showed that A␤-induced apoptosis in PC12 neuronal-like cells requires caspase-12 activation that peaked after 24 h of A␤ incubation, and which was inhibited by antiapoptotic TUDCA. Both the JNK pathway [51] and calpains [9] have been shown to activate caspase-12. Our results confirmed that calpain inhibition partially abrogated caspase-12 activation. This fact suggests a role for intracellular Ca 2+ , given that calpains are activated by Ca 2+ [52] and A␤ incubation results in intracellular Ca 2+ overload [53] .
ER is very sensitive to changes in Ca 2+ homeostasis, leading to ER stress and caspase-12 activation [31, 54] . Moreover, A␤ exerts early Ca 2+ -deregulation changes on ER, stimulating oxidative stress and, consequently, mitochondrial-dependent apoptotic cell death [55] [56] [57] .
In the present study, we investigated if caspase-12 activation after A␤ incubation resulted from ER stress. Somewhat unexpectedly, we found that ER stress markers such as GRP94, ATF-6␣, eIF2␣, and CHOP were downregulated in PC12 cells exposed to A␤ peptide. This effect was extremely pronounced for GRP94 levels, which became undetectable after only 2 h of incubation with A␤. Our results suggested that cell death is a consequence of deficient UPR activation. This is in agreement with recent studies showing that UPR activation is neuroprotective against A␤-induced toxicity, rather than strictly involved in cell death [35, 58] . Finally, although not designed to discriminate the importance of toxic assemblies, our results suggest that low A␤ molecular species are the triggering effect. Others have conclusively demonstrated that oligomeric forms of A␤ are the main neurotoxic species, also involved in the release of Ca 2+ from the ER [59, 60] .
ER-resident molecular chaperones, such as GRP78 and GRP94, are downregulated in brains of AD patients and in PS1 mutant cells [37] . Furthermore, it has been suggested that plaque formation represents a failure of the ER to catalyze post-translational processing of A␤ [61] , which results from age-dependent decline in critical ER chaperones [62] . Our data indicate that downregulation of ER chaperone GRP94 might be a result from the A␤ itself, rather than the aging process. Moreover, it has been demonstrated that in etoposide-induced apoptosis, the reduction of GRP94 levels is due to calpain cleavage [38] . Here, we demonstrated that under A␤-induced apoptosis, GRP94 downregulation was calpain-independent. In contrast, ATF-6␣ downregulation was prevented by calpain inhibition. This fact, suggested that ATF-6␣ is either a substrate for calpain cleavage, or that calpain regulates proteases that normally cleave and activate ATF-6␣. During the ER stress response, ATF-6␣ is cleaved with release of its cytoplasmic bZIP domain from the membrane and translocation to the nucleus [63] . In fact, A␤ potentiates tunicamycin-induced neuronal death via calpain/caspase-12-and caspase-3dependent cell death pathways, without affecting the UPR [64] . Our results demonstrate that both pathways are not only affected, but also interrelated. Further studies should be performed to understand the kinetics of both pathways, and elucidate if calpain activation is a secondary pathway triggered by ER saturation.
GRP94 is a passive high-capacity reservoir for Ca 2+ , whose activity is regulated by Ca 2 + . Furthermore, despite the redundancy of Ca 2+ -binding proteins in the ER, the ability of GRP94 to bind Ca 2+ is uniquely important in the cellular context, as cells become hypersensitive to perturbations in Ca 2+ homeostasis in the absence of GRP94. Here, we demonstrated that deregulation of Ca 2+ homeostasis induced by A␤ incubation was not related with downregulation of GRP94. In fact, A␤ can induce intracellular Ca 2+ overload by several mechanisms (reviewed in [65] ). In the present study, we used nifedipine and ZnCl 2 at the plasma membrane level to inhibit L-type Ca 2+ channel and zinc pore formation, respectively. Xestospongin C and dantrolene were used at the ER level to inhibit Insp3Rs and RyRs receptors, respectively. Moreover, cyclosporine A inhibits Ca 2+ regulation between ER-mitochondria through the mPTP pore formation. Despite the fact that GRP94 binds Ca 2+ and serves as the major Ca 2+ buffer in the ER [40] [41] [42] , our results suggested that GRP94 downregulation is not strictly related to Ca 2+ deregulation. Nevertheless, inhibition of Ca 2+ deregulation slightly prevented the reduction of GRP94 levels.
GRP94 has been identified in the extracellular space as a consequence of acute stress in lethal viral infection and necrotic cell death [23, 24] . Indeed, stress proteins such as heat shock proteins, glucose regulated proteins, and calreticulin are released from cells in a variety of circumstances, thus interacting with adjacent cells or in some cases entering the bloodstream (reviewed in [66] ). There is considerable evidence to support the immunogenic properties of GRP94. The immune system recognizes free GRP94-peptide complexes and other chaperones and uses chaperoned antigenic peptides to activate CD8 + cytotoxic T cells. Dendritic cells recognize GRP94 primarily via the CD91 receptor, and endocytose GRP94 along with its chaperoned peptides. After internalization of the GRP94-peptide complex by antigen cross-presentation, and transport of the peptide-loaded MHC to the cell surface, the peptide is cross-presented to CD8 T cells. Cross presented peptides chaperoned by GRP94 enter the MHC I pathway as well as, albeit less efficiently, the MHC II pathway. A second consequence of receptor engagement by GRP94 is the innate immune effect, which involves the stimulation of the central signaling molecule NF-κB and its translocation into the nucleus (reviewed in [67] ). Furthermore, GA inhibits GRP94 and hsp90 [68] and activates a heat shock response, possibly through increased expression of molecular chaperones [69, 70] . Nonetheless, only a few reports have suggested that GA may mediate the inhibition of intracellular protein trafficking [27] . In the present study, we demonstrated that GRP94 downregulation is blocked in cells pretreated with GA in a dose-dependent manner. This occurred in a degradation-independent fashion, since neither the proteasome nor autophagy mechanisms were activated under the conditions tested. Further, mRNA levels of GRP94 were not upregulated in the presence of GA, and synthesis of de novo proteins did not appear to be involved. Next, we tested if the capacity of GA to inhibit intracellular protein trafficking was the mechanism responsible to block GRP94 downregulation. Brefeldin, a known inhibitor of the secretion pathway, blocked GRP94 downregulation. Finally, we further confirmed that GRP94 was secreted to the extracellular medium in the presence of A␤ peptide. To our knowledge, this is the first report demonstrating that A␤ exposure in PC12 neuronal-like cells induces GRP94 secretion. Once secreted, stress proteins may either increase stress resistance, after binding to stress sensitive recipient cells, such as neurons, signal tissue destruction and danger to inflammatory cells, or aid in immunosurveillance, by transporting intracellular peptides to distant immune cells [66] .
In conclusion, this study provides evidence that A␤induced toxicity triggers an early signaling response by the ER, which is independent of the ER-stress pathway. ER-stress markers were downregulated, including GRP94 that was specifically secreted to the extracellular milieu in A␤-induced apoptosis. Unrelated studies have shown that GRP94 is required for innate immunity but not for cell viability [71] , and that secretion of GRP94 is associated with necrosis [24] . Here, we report an association of A␤-induced apoptosis and potential immunogenic GRP94 secretion, which may ultimately lead to the development of novel therapeutic strategies in AD. Additional studies are warranted to determine the specific role of ER GRP94 chaperone on A␤-induced toxicity.
